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SUMMARY 
This research focused on the polyaniline and polypyrrole nanocomposites 
synthesized via in-situ polymerization methods of carbon nanomaterials with 
different morphologies and the investigation of their power output when used 
as cathode catalyst in microbial fuel cells (MFC). Characterization methods 
included SEM, FTIR, TGA, BET and EDS. By testing the power density curves 
and electrochemical impedance spectroscopy, their potential applications as 
cathode catalyst were investigated. 
It was revealed that when synthesizing the PANI/CNT, the optimal weight ratio 
of aniline to carbon nanotube was 1:1 judging from the yield. When carbon cloth 
was used as carbon-based electrode, the power density was tested and the 
optimal weight ratio turned out to be 0.5:1. SEM images showed the PANI/CNT 
displayed tubular microstructure same with the CNT, indicating the 
polymerization process occurred on the surface of the CNT, and the FTIR 
spectra further confirmed this conclusion. The maximum power density of the 
MFC with PANI/CNT (0.5:1) as cathode catalyst with 5 mg/cm2 loading was 
368.17 mW/m2, which was 4 times higher than the unmodified MFC. 
Electrochemical impedance spectroscopy (EIS) revealed the addition of 
PANI/CNT lowered the resistance of the electrode and the equivalent MFC, 
especially the diffusion resistance, also called Warburg resistance, which had 
significant relation with oxygen diffusion rate, having good effect on the 
 II 
improvement of catalytic efficiency of oxygen reduction reaction (ORR). TGA 
results revealed the good thermal stability of the composites. 
By doping with metal oxide, PANI/Fe3O4/CNT and PANI/MnO2/CNT were 
synthesized. EDS results confirmed the existence of Fe and Mn in the 
composites, and the power densities of the MFCs with these two new 
composites were enhanced than the MFC with PANI/CNT. EIS spectra turned 
out that the total resistance of the MFC was lowered, and the reduction of Zw 
confirmed the potential use as cathode catalyst. PANI/ Fe3O4/CNT has lower 
resistance, and the possible reason might due to the high conductivity of Fe and 
the increase of the BET surface area, which provided evidence for more active 
sites for ORR. 
PPy/CNT, PPy/CB and PPy/VGCF were synthesized using the same method. It 
was revealed that the PPy/CNT using APS as oxidant in the synthesis procedure 
showed lower resistance and higher catalytic efficiency compared to the 
PPy/CNT using FeCl3 as oxidant. Among PPy/CNT, PPy/CB and PPy/VGCF, 
PPy/CB showed best performance with highest power density, lowest resistance 
and lowest cost. The power density of the MFC with PPy/CB modification could 
achieve 547.60 mW/m2. 
The MFC using PPy/CB as cathode catalyst was able to achieve 67% power 
density of the MFC with commercial Pt/CB catalyst, while the PPy/CB was one 
hundred times economical than the commercial one. So judging from this point, 
 III 
PPy/CB could be used as one alternative and economical catalyst for oxygen 
reduction reaction. 
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CHAPTER 1 INTRODUCTION 
During the recent years, there has been an increasing growth of the research in 
the field of conducting polymers due to their prominent electrical properties and 
their broad applications in different fields. Conjugated heterocyclic conducting 
polymers, such as polypyrrole (PPy), polyaniline (PANI), polyacetylene, and 
polythiophene, have received more and more attention since 1970s because of 
their unique metallic/semiconductor characteristics and potential use in areas 
such as biosensors[1-4], capacitors[5-9], electrode catalyst[10-13]. 
PANI and PPy displayed attractive properties like ease of synthesis, good 
environmental stability and electrical conductivity, so they have attracted many 
attentions in these recent years.  
1.1 PANI 
Structure of the PANI is very complex, and nowadays the most common 
structure consists of alternative benzene-benzene ring and benzene-quinine ring, 
and the molecular structure was showed in Fig 1.1. According to the doping 
extend, the polyaniline can be divided into eigenstate (x=1), fully doped state 
(x=0) and partly doped state (0<x<1). While the average oxidative and reductive 
state depends on the value of y. When y equals to 1, it is called the completely 
reductive state, and when y value is between 0 and 1, it is called emeraldine 




polyaniline is regarded as the most significant form of polyaniline, as it shows 
very good thermal stability at room temperature, and can become high 
conductive polymers by doping with acid. 
Fig 1.1 Molecular structure of PPy 
The properties of PANI not only depend on the value of x but also the value of 
y, which are very different from the other conductive polymers 
PANI is of particular interest due to its relatively facile process ability, electrical 
conductivity, low cost and environmental stability[5, 14, 15]. The synthesis 
procedure for PANI mainly consists of in situ chemical polymerization and 
electrochemical polymerization.  
The in situ chemical polymerization method is easy to process, but as the 
requirement of oxidants and acid medium, the purity of the product is not too 
high. 
For electrochemical polymerization method, the coating layers of a conducting 
polymer to be used as a substrate, is grown over the electrode by immersing in 
the solution or electrochemically followed by electrodeposition of conducting 
polymer on the surface of the base materials[16]. 
Dhand et al. [2]had synthesized PANI/CNT composite film, and used it for 
cholesterol sensor. Results of linear sweep voltammetric measurements revealed 




of 1.29 to 12.93 mM with high sensitivity of 6800 nA/mM and a fast response 
time of 10 s. Photometric studies for ChOx/PANI–MWCNT/ITO bioelectrode 
indicate that it is thermally stable up to 45 °C and has a shelf life of 
approximately 12 weeks when stored at 4 °C. The results of these studies have 
implications for the application of this interesting matrix (PANI–MWCNT) 
toward the development of other biosensors. 
Polyaniline coated halloysite nanotubes (PANI/HNTs) were prepared in 
Zhang’s report[17], the morphological analyses showed that the polyaniline 
coated halloysite nanotubes via the in situ chemical oxidation polymerization 
with ultrasonic irradiation had the better well-defined structures. 
In Li’s research, super-hydrophilic conducting polyaniline was prepared, and its 
conductivity was 4.16 S/cm at 25 °C. its initial specific capacitance was 500 F/g 
at a constant current density of 1.5 A/g, and the capacitance stilled reached about 
400 F/g after 5000 consecutive cycles[8]. 
1.2 PPy 
PPy has been considered as one of the most promising conductive polymers due 
to its excellent stability, facile synthesis and high conductivity[18]. 
PPy is a highly conjugated compound formed by a number of connected pyrrole 
ring structures, and due to its conjugation structure, it shows high conductivity.  




PPy has conjugated structure with alternative C-C single bond and C=C double 
bond, and the C=C double bonds consists of σ electron and π electron. The σ 
electrons are fixed and formed covalent bond between the carbon atoms, while 
the two π electrons was localized at a specific carbon atom, which can transfer 
from one C-C bond to anther C-C bond. This transfer equals to the electrons in 
metals, in which the π electrons can transfer via the molecular chain.  
Fig 1.3 π bond and σ bond of PPy molecular 
PPy is a very promising conductive polymers attributing to the following 
properties: redox activity, ability to form nanowires with room temperature, ion-
exchange and ion discrimination capacities, electrochromic effect depending on 
electrochemical polymerization conditions and charge/discharge processes [3]. 
So far, a variety of methods such as chemical oxidative process, electrochemical 
or chemical polymerization through surfactants and template synthesis have 
been investigated for synthesizing PPy[19] . 
Chemical oxidative polymerization takes place when adding specific oxidants 
into the reaction medium, and the oxidants has the function of oxidizing and 
doping. Pyrrole has low oxidative potential, and can be polymerized by many 
oxidants. The most common oxidants are FeCl3, persulfate, and perchlorate, and 




method is easy to conduct, vey suitable for high quantity production, but the 
main disadvantage is the other chemicals participated in this reaction is easy to 
residue in the polymers, which will affect the properties of the conductive 
polymers. 
Electrochemical polymerization takes place when an applied voltage is 
introduced into the polymerization system and the pyrrole can form conductive 
films on the surface of the electrode. The polymers synthesized in this method 
are free of the contamination of oxidants, but this method is hard to get the 
products in large scale.  
D. Müller et al. [20]had synthesized PPy on bacterial cellulose via chemical in 
situ polymerization, and the result revealed composite membranes of bacterial 
and PPy were confirmed conducting and porous nanofibrous, and the 
polymerization took place on the surface of the nanofibers. The polymerization 
conditions had influence on the electrical conductivity, morphological and 
thermal stability. 
In Zhou’s report, cconventional electropolymerization of pyrrole produces 
polypyrrole characterized voltammetrically by a single oxidation wave (ca. 0.01 
V vs. Ag/AgCl) followed by a broad plateau, which confirmed to be the inherent 
property of electrosynthesized polypyrrole[21]. 
Malhotra et al.[22] had described the preparation of PPy-silk composite fabric by 
in situ chemical polymerization, which has been optimized by employing Box-




properties of the composite fabric have been studied. The fabric composite 
showed a linear V-I characteristic like an Ohmic conductor. 
1.3 Carbon nano-material 
Carbon nano-material is a kind of material with at least one dimension less than 
100 nm. It has larger surface area, and showed many advantages in chemical 
and physical properties.  
1.3.1 Carbon nanotube 
First discovery of carbon nanotube (CNT) was by Iijima when he was using the 
high resolution TEM to test the carbon sphere, and suddenly he found the carbon 
atoms with tubular sequencing[23]. 
Carbon nanotube including single wall carbon nanotube and multiwalled carbon 
nanotube have attracted much attention in recent years because of their excellent 
electric and mechanical properties and promising application including 
conductive and high-strength composites, energy storage and energy conversion 
devices, sensor, field emission displays and semiconductors[7].  
Yuan et al. [24] investigated iron phthalocyanine supported on amino-
functionalized multiwalled carbon nanotube as an alternative cathodic oxygen 
catalyst in microbial fuel cell. The maximum power density achieved from the 
MFC using this cathode was 601 mW/m2, which is the highest energy output 




black, pristine MWCNT (p-MWCNT), carboxylic acid functionalized MWCNT 
(c-MWCNT), and even with a Pt/C cathode. 
Xie et al. [25] conducted a survey with carbon nanotube-coated microporous 
sponge for MFC electrodes, and this electrode was synthesized by coating the 
sponge with CNT. The results showed that it had lower internal resistance, 
greater stability, more tunable and uniform macro porous structure, and 
improved mechanical properties. 
Ci et al. [26] decorated anode with bamboo-like nitrogen-doped carbon nanotube 
in MFC, and the bamboo-like nitrogen-doped carbon nanotube significantly 
improved performance of an MFC in current production and power output, and 
reduced internal resistance of the anode compared with conventional CNT-
modified and unmodified anodes. 
1.3.2 Carbon black 
Carbon black is a kind of material synthesized by un-complete combustion or 
pyrolysis of hydrocarbon compounds. Carbon black with nanoscale has high 
conductivity and large surface area, becoming a vital industry product and 
electrode material. Carbon black are widely used in the fabrication of electrode 
and composite. 
Cho et al. [27] synthesized Pt/graphene intercalated by carbon black and 
investigated its application in polymer electrolyte membrane fuel cell. The cell 




enhance the cell performance in PEMFC due to the enhancement in mass 
transfer of fuel to Pt active sites, increasing the Pt utilization.  
Adding CB to polymers can enhance the properties of the polymers. Although 
metal powers are intrinsically more conductive than CB, metal has a tendency 
to oxide and is not used as frequently as CB[28]. 
In Bron’s report, they have prepared heat-treated iron phenanthroline complexes 
supported carbon black, and the catalyst performed higher activity towards 
oxygen reduction reaction[29].  
Balberg confirmed that the electrical conductivity of carbon black composites 
depended on the structure of the carbon black particles[30]. 
1.3.3 Vapor grown carbon fiber 
Vapor grown carbon fiber (VGCF), has been widely used in recent years[31]. 
VGCF, nano-sized fillers, has high aspect ratios, so VGCF has the advantages 
of low percolation thresholds and high interface areas. Also, because of the 
electrical conductivity of VGCF, nanocomposites based on low concentrations 
of such fillers may possess novel combinations of electrical, optical, and 
mechanical properties[32].  
Though the VGCF has excellent performance in mechanics and electronics, the 
large draw ratio and surface area restrict its dispersion in solution, and make its 





Xu et al. [33]synthesized VGCF/vinyl ester composites, and composites made 
from nitric acid-oxidized VGCF were insulators. 
W. Brandl et al. [34]introduced oxygen-containing functional groups on the fiber 
surface, and the VGCF/polypropylene composites were made through extrusion 
and injection molding. The fiber distribution and orientation in the 
polypropylene matrix strongly influenced the mechanical properties of the 
composite. 
1.4 PANI, PPy composite in microbial fuel cell 
Microbial fuel cell (MFC) is a kind of technology combining contaminants 
removal and electricity generation together, which is a promising candidate for 
simultaneous energy production and wastewater treatment[35, 36]. In a dual-
chamber MFC using dissolved oxygen (DO) as electron acceptor, the 
microorganisms grown on the anode consume the organic compounds, and at 
the same time, the oxygen reduction reaction (ORR) can be enhanced by various 
catalysts accelerating the cathodic process. The performance of an MFC 
depends on many aspects, such as the electrode materials, microbial activity, 
and membrane for the anion/cation/proton exchange etc. Recently, MFC 
technology is reported to be confronted with several problems, especially the 
low output voltage or the low columbic efficiency limited by the efficiency of 
ORR on cathode. Synthesized and/or fabricated composite electrode loaded 




electro-performance as well as its stability. The most commonly used electro-
catalysts are precious platinum (Pt) particles on carbon black (usually Vulcan 
XC 72)[37]. Due to the high cost of the current Pt catalysts, finding out an 
economical modification material and method to promote the performance of 
the electrode is of great urgency. 
Conductive polymers are emerging as competent additives for composite 
fabrication due to their high conductivity, simple and easy synthesis, mechanical 
flexibility, economical and most importantly the stable properties. Polyaniline[11, 
14, 15, 17, 38-41] (PANI) and polypyrrole[10, 11, 13, 20] (PPy) are usually used as 
promising materials. 
Polyaniline/carbon black (PANI/C) composite-supported iron phthalocyanine 
(FePc) (PANI/C/FePc) has been investigated as a catalyst for the oxygen 
reduction reaction (ORR) in an air–cathode microbial fuel cell (MFC). The 
maximum power density of 630.5 mW/m2 with the PANI/C/FePc cathode is 
higher than that of 336.6 mW/m2 with the C/FePc cathode, and even higher than 
that of 575.6 mW/m2 with a Pt cathode. Meanwhile, the power per cost of the 
PANI/C/FePc cathode is 7.5 times greater than that of the Pt cathode. Thus, the 
PANI/C/FePc can be a potential alternative to Pt in MFCs[12]. 
A novel manganese/polypyrrole/carbon nanotube (Mn-PPy-CNT) composite 
was synthesized and demonstrated as an efficient and stable cathode catalyst for 
oxygen reduction reaction (ORR) in air cathode microbial fuel cells (MFCs). It 




performance with maximum power density of 169 mW/m2 at the loading of 1 
mg/cm2, and 213 mW/m2 at the loading of 2 mg/cm2, comparable to MFCs with 
the benchmark platinum/carbon black (Pt/C) catalyst[10]. 
Zou constructed a microbial fuel cell using polypyrrole coated carbon nanotubes 
composite as an anode material. The PPy-CNTs modified anode showed better 





CHAPTER 2 EXPERIMENTAL 
2.1 Materials and methods 
Carbon nanotube (Shenzhen Nano Port Company, China), carbon black (CB, 
Vulcan XC-72 R, America), and vapor grown carbon fiber (VGCF, Shower 
Denko Company, Singapore) were used as carbon nano-materials in the 
composites due to their different morphology and highly conductivity as well as 
economical cost. Aniline and pyrrole were purchased from Sigma Aldrich with 
the ACS reagent. The pretreatment process was as follows: carbon nano-
materials were ultrasonically dispersed in a concentrated mixture of sulfuric 
acid and nitric acid (3:1 ratio by volume) for 3 h and set still for 1 h before 
diluted with de-ionized water and washed for several times. The functionalized 
carbon nano-materials were then filtrated and dried under vacuum for 48 h. 
 
Fig 2.1 The synthesis procedure of PANI/CNT 




polymerization method. The synthesis procedure was as follows: 100 mL 1 M 
HCl containing 1.00 g carbon nanomaterials was sonicated at room temperature 
for 30 min for well dispersion of the carbon nanomaterials, then pyrrole was 
added into the disperse solution in 0 °C ice-bath with constant stirring. 
Ammonium persulfate((NH4)2S2O8, APS) or ferric chloride (FeCl3) in 1.0 M 
HCl (50 mL, 50 g/L) was subsequently added drop by drop into the former 
mixture at a slow rate of 1 mL/min. The suspension was kept in a refrigerator 
(0-5 °C) for 24 h to allow the occurrence of polymerization. The composites 
were eventually obtained by filtering and rinsing with di-ionized water and 
methanol for several times before vacuum dry at 60 °C for 48 h. For comparison, 
purified polypyrrole (PPy) was synthesized by following the same procedure 
without the addition of the carbon nanomaterials. PANI/carbon nanomaterial 
was synthesized following the same way, showed in Fig 2.1. 
2.2 Characterization method (SEM, FTIR, TGA, EDS, BET) 
The morphology of the composites as well as the modified electrode were tested 
with a JEOL 6701 FESEM (Japan) with the work distance 80 mm and working 
voltage 5 kV. The test conditions for EDS were at working distance 151 mm and 
working voltage 15 kV with the same instrument. 
FTIR was tested on a Vectoer-22 instrument (Bruker, Germany) with a 
wavenumber from 4000 to 400 cm-1. The procedures were as follows: first mix 




fine power. Then put the power into the mold and tableting for testing in the 
instrument.  
Thermal stability was tested using thermogravimetric analysis (TGA) curve 
from room temperature to 600 °C by TA instrument Discovery TGA. The 
heating rate was 10 °C/min under nitrogen atmosphere. By measuring the 
weight loss after combustion, the TGA curves were obtained and it could 
provide more evidence for application of the composites. 
The BET surface area was tested using the ASAP 2020 micromeritics (America). 
The measurement steps were: first measured the net weight of the tube, then 
measured about 0.1 g powder to degas. When the vacuum reached 4-5 μm Hg, 
measured the weight of the composite, then started to test its absorption and 
desorption curves of N2. By measuring the absorption and desorption curves of 
nitrogen, the BET surface area could be calculated. 
2.3 Electrode modification 
Carbon cloth was used as carbon-based electrode for cathode in all experiments. 
The projected surface area is 10 cm2 (5 cm × 2 cm). Pretreatment of the carbon 
cloth was as the following steps: (1) put the carbon cloth into the acetone 
solution for 30 min, (2) immersed it in di-ionized water for 30 min, (3) 
ultrasonicated for 30 min, and (4) put the carbon cloth into the furnace (370 °C 
for 30 min) to remove the impurities. The modification procedure was as follows: 




for well dispersion of the composites before Nafion solution added to the 
mixture, (4) the resulting ink was brushed onto the surface of carbon cloth 
homogenously with a specific loading 5 mg/cm2. All electrodes were dried at 
70 °C in an oven for at least 2 h prior to use. 
2.4 Electrochemical impedance spectroscopy 
Electrochemical characterization was tested by measuring electrochemical 
impedance spectroscopy (EIS) to identify the performance of the composite 
electrode and the MFC. All electrochemical experiments about the electrode 
were carried out with the Autolab (AUT50090, Metrohm, Netherlands) using 
the three-electrode system with the synthesized cathode as working electrode, a 
Ag/AgCl (saturated KCl) electrode as reference electrode, and a platinum wire 
as counter electrode. The EIS of the whole MFC system was tested in a two-
electrode configuration, with the anode as both counter and reference electrode 
and the cathode as working electrode. The impedance measurements of the 
composite electrode were tested in 50 mM PBS, and the scan frequency range 
was from 10 kHz to 0.1 Hz at a scan rate of 100 mV/s. 
2.5 Setup and performance test of the microbial fuel cell 
MFCs were constructed dual-chamber and cubic-shaped reactors with anode 
dimensions of 5 cm × 4 cm × 6 cm and cathode dimension of 5 cm × 2 cm × 6 




and 60 cm3. Anode electrode was made of carbon felt pretreated with 1 M HCl 
for 24 h and 1 M NaOH for 3 h, and then dried in oven at 60 °C. Cathode was 
using the carbon cloth (Fuel Cell Earth, America) modified by different 
composite. Before installing into MFCs, the carbon cloth was immersed in 
acetone for 30 min, then immersed in deionized water for 30 min. After this, 
ultrasonicated for 30 min and dried in an oven overnight. The inoculum for MFC 
was obtained from PUB, Singapore's National Water Agency kept in a 50 mM 
PBS-based medium containing sodium acetate (1000 mg/L), NH4Cl (17.77 
mM), KCl (1.74 mM), minerals (1.25 mL/L medium), and vitamin solution (2.5 
mL/L medium). When the output voltages of the MFCs were stabilized at 200 
mV (with a fixed external resistance of 300 Ω), the MFCs were considered to 
be started successfully and could be used for the performance investigation of 
the composite electrode as well as the MFC with different modification method. 
The cathode electrode area was 5 cm × 2 cm. The cathodic chamber was 
continuously aerated with air as a cathodic electron acceptor with an air pump. 
The anode and cathode solutions were replaced when the output voltage 
dropped below 40 mV. 
The output voltage was collected every 10 seconds using a data acquisition 
system (ADAM 0047, Advantech Co., Ltd., China). Polarization curves and 
power density curves as the function of current density were obtained by 
changing the external resistance in 18 steps from open circuit (+∞) to 20 Ω and 




internal resistance (Rin, also called polarization resistance), and the maximum 
power density (Pmax) were read off directly or calculated by linear or polynomial 
fit via those curves. 
Fig 2.2 showed the schematic graph of the MFC. The anode and cathode were 
separated by proton exchange membrane (PEM, Nafion 117, America) with size 
of 5 cm × 5 cm. 





CHAPTER 3 RESULTS AND DISCUSSION 
3.1 Synthesis of PANI/CNT 
3.1.1 Effect of aniline to CNT ratio on the performance of the PANI/CNT 
Tab 3.1 Effect of different aniline to CNT ratio on the yield of nanocomposites 
CNT (g) Aniline (g) Aniline ratio (%) PANI/CNT (g) Yield (%) 
1.00 0.33 25 1.0950 82.33 
1.00 0.50 33 1.2295 86.17 
1.00 1.00 50 2.0700 103.50 
1.00 2.00 67 1.9440 64.80 
1.00 4.00 80 2.5306 50.61 
1.00 9.00 90 1.1942 11.94 
0.00 2.00 100 1.8269 91.35 
Conditions: APS concentration (2.5 g/50 mL HCl) 
The effect of aniline to CNT ratio in the synthesis procedure was tested. The 
results revealed that all of the PANI/CNT composites were black power, while 
the purified PANI displayed as dark green powder. The yield of the PANI/CNT 
was calculated by the following equation: 




Mass CNT (g)+Mass aniline (g)
                (Equ. 3.1) 
As the increase of the aniline ratio, the yield of the PANI/CNT first increased, 
and then decreased sharply. The possible reason might be: as the increase of the 




the same time, the polymerization affinity increased, resulting in high yield. But 
when the ratio of aniline increased to a very high level, the yield became lower, 
which might be due to the deficiency of the oxidant, causing un-complete 
polymerization of the PANI. The composite with low polymerization degree 
was easily washed by the methanol, thus reducing the yield of the composite. 
Judging from the yield, the best ratio of aniline to CNT was 1:1. 
 
Fig 3.1 Effect of different aniline contents on yield of PANI/CNT 
Testing the performance of the composites in MFC, the power density was used 
as one indicator. At the beginning, the power density increased with the increase 
of the aniline ratio in the composite, then decreased when the ratio of aniline 
reached 33%. The maximum power density was occurred at aniline ratio of 33%. 





Fig 3.2 Effect of aniline ratio in the composites on performance of the MFC 
3.1.2 Characterization 
Fig 3.3 SEM images of PANI/CNT with different aniline to CNT ratios: (a) 
CNT (b) 2:1 PANI/CNT (c) 1:1 PANI/CNT (d) 0.5:1 PANI/CNT (e) PANI 




microstructures of some composites were tested using SEM and the results 
showed in Fig 3.3. 
A scanning electron microscope (SEM) is a type of electron microscope that 
produces images of a sample by scanning it with a focused beam of electrons. 
Purified CNTs displayed a tubular microstructure with the outer diameters 
ranging from 10 nm to 20 nm. While the majority of the purified PANI was 
dominated by the flocculent microstructure. After pretreated by the mixed acids, 
some carboxylic groups generated on the surface of CNTs due to the highly 
oxidative function of the nitric acid (to be confirmed by FTIR analysis). As a 
result, it was more likely for the hydrophilic monomer aniline in PANI to absorb 
onto the surface of the CNTs, which was modified to be hydrophobic. 
Polymerization took place on the surface of the CNTs and PANI. When being 
combined to form PANI/CNTs composite, the edges and vertexes of CNTs 
particles were randomly wrapped by PANI acting as nano-wires, thus the outer 
diameter of the composite become larger than the purified CNTs or PANI. The 
PANI was observed to be uniformly deposited on the surface of CNTs. EDS 
analysis revealed that there were newly introduced nitrogen elements into the 
composite PANI/CNTs compared to the pure carbon-based CNTs. As the 
increase of the aniline ratio, the composites PANI/CNT became denser and were 
less likely to aggregate, and this uniform distribution might lead to high 




Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS), sometimes 
called energy dispersive X-ray analysis (EDXA) or energy dispersive X-ray 
microanalysis (EDXMA), is an analytical technique used for the elemental 
analysis or chemical characterization of a sample. It is a reference method for 
investigating the element composition in the composites, and each element has 
its peaks different from other elements. The EDS analysis result further 
confirmed the polymerization of aniline as the occurrence of nitrogen in the 
composite. 
Fig 3.4  EDS anlysis of PANI/CNT 
Fourier transform infrared spectroscopy (FTIR) is a technique which is used to 
obtain an infrared spectrum of absorption, emission, photoconductivity or 
Raman scattering of a solid, liquid or gas.  
To illustrate the possible composition of the composite, FTIR measurement was 
conducted and the spectra were shown in Fig 3.5. With the acids pretreatment 
of the CNTs, characteristic peaks occurred at 3440, 1718, and 1265 cm-1 which 




purified PANI, the peak centered at 3444 cm-1 was due to N-H stretching, and 
the other peaks at 2900-2800, 1637, 1564, 1467, 1290, and 1104 cm-1 arose from 
C-H, C=N stretching, quinonoid ring stretching and C=C stretching in the 
benzene ring, Ar-N stretching, and vibrations of –N=Q=N-. This spectrum was 
consistent with the previous report in which the PANI showed characteristic 
peaks at 3500, 2400, 1561, 1490, 1292, 1107, and 800 cm-1[42]. In the spectrum 
of the composite PANI/CNTs, most peaks were identical with PANI and no new 
bonds were generated, indicating that the polymerization of the aniline was 
taken place on the surface of the CNTs without occurrence of side reactions. 
It could be easily observed that the composite PANI/CNTs and PANI performed 
better thermal stability than CNTs. As the temperature increased, the relative 
mass of pure CNTs decreased rapidly, suggesting the decomposition of those 
unstable materials. On the contrary, owing to the stable structure of the 
composite and the dopant effect, there was a negligible weight loss for 
PANI/CNTs at temperature up to 600 °C. Carbon nanotube has many defects 
such as surface defect and internal defect. After polymerization, less deficiency 
sites would be present in the composites than in the CNTs. Therefore, the 






Fig 3.5 FTIR spectra of CNT, PANI and PANI/CNT 
 
Fig 3.6 TGA curves of PANI, PANI/CNT and CNT 
Brunauer–Emmett–Teller (BET) theory aims to explain the physical adsorption 
of gas molecules on a solid surface and serves as the basis for an important 
analysis technique for the measurement of the specific surface area of a material. 




corrosive gases (like nitrogen, argon, carbon dioxide, etc.) as adsorbates to 
determine the surface area data. 
 
Fig 3.7 Absorption and de-sorption curves of PANI/CNT with N2 
The BET surface area of PANI/CNT was calculated as 10.80 m2/g. 
3.1.3 Performance of PANI/CNT as cathode catalyst in MFC 
 





The power density curve looked like volcano shape with the maximum power 
density as 368.17 mW/m2 when the current was 4.7 mA. In low current, the 
power density increased with the grown of the current, while in high current, 
the power density decreased with the grown of the current. At the point of the 
maximum power density, it could be regarded that the internal resistance 
equaled with the external resistance, and the resistance was called apparent 
resistance. 
Table 3.2 showed some relevant reports of PANI-nanocomposites as cathode 
catalyst in the MFC. 
Tab 3.2 PANI-nanocomposites as cathode catalyst 




[12] PANI/C/FePc 630.5 mW/m2 





Pt-C 541 mW/m2 
As an essential tool in electrochemistry, EIS has been widely used to determine 
the properties of the electrode and to evaluate the performance of MFCs. EIS 
spectra fitted well to Nyquist plot, which represented well-defined frequency-
dependent semicircle impedance curves over high frequencies followed by a 





      
Fig 3.9 EIS spectra of PANI/CNT electrode and the curves of its resistance and 
phase angle via F (HZ) 
The magnitude and the phase angle of the complex impedance can be easily 
represented with the help of phasor diagram representing the magnitude of the 
impedance vector as |Z| and the phase angle as θ[44].The magnitude of the 




in Equation 3.2. 
 |Z| = √𝑍′2 + 𝑍′′2                        (Equ. 3.2) 
The phase angle can be obtained as given in Equation 3.3. 
θ = 𝑡𝑎𝑛−1 (
𝑍′
𝑍′′
)                          (Equ. 3.3) 
The common used EIS plots showed in Fig 3.10. In the Nyquist plot, the real 
part of the impedance is represented in the x-axis and the imaginary part of the 
impedance is represented in the y-axis, and each point in the Nyquist plot 
corresponds to impedance at one frequency. One major limitation in the Nyquist 
plot is that the frequency cannot be ascertained by simply looking at the plot. 
This limitation has been overcome in the Bode plot, where the impedance is 
plotted with the logarithmic frequency plotted on the x-axis and both the 
absolute value of impedance and the phase angle are plotted on the y-axis[44]..  
 
Fig 3.10 Representation of EIS data in (a) Nyquist plot (b) Bode plot and (c) 
phase angle plot 
The plain carbon cloth showed higher resistance than the PANI/CNTs modified 




conductivity of the composite, which favored higher catalytic efficiency on 
cathode and improved the power density. 
EIS spectra of PANI/CNT modified MFC was tested and the result showed in 
Fig 3.11. 
 
Fig 3.11 EIS spectra of PANI/CNT modified MFC and its equivalent circuit 
The EIS spectra fitted well for the Nyquist plot, and the equivalent circuit model 
was Randles model plus Warburg resistance. The Randles model consists of the 
following compartments: Rs: solution resistance, Rct: charge to transfer 
resistance, Cdl: double layer capacitance. Warburg resistance, also called 
diffusion resistance, has important effect on catalytic efficiency. The shorter 
straight line means lower diffusion resistance and higher diffusion rate. 
The total resistance of the MFC with PANI/CNT as modification was much 
lower than the un-modified MFC, especially for the diffusion resistance. The 




unmodified MFC was 202 Ω. 
Tab 3.3 Equivalent circuit elements of PANI/CNT modified MFC and control 
Items PANI/CNT Control 
Rs(Ω) 20 24 
Rct(Ω) 30 60 
Cdl(uF) 5.38 1.38 
Rtotal(Ω) 41 202 
By fitting and simulation, the value of the Randles elements were showed in 
Table 3.3. Rs, Rct and Rtotal was decreased due to high conductivity of the 
PANI/CNT. The Warburg resistance was significantly decreased than the control, 
indicating lower diffusion resistance and higher diffusion rate. The modification 
by PANI/CNT improved the catalytic efficiency. 
3.1.4 Characterization of carbon cloth 
 
Fig 3.12 SEM images of carbon cloth (a) unmodified, (b) PANI/CNT modified 
The plain carbon cloth has smooth surface, different from the carbon cloth with 




3.2 PANI/Fe3O4/CNT and PANI/MnO2/CNT 
In order to get higher power density of the MFC with PANI/CNT composite as 
cathode catalyst, some metals were introduced into the composite matrix, such 
as Fe3O4 and MnO2. PANI/Fe3O4/CNT and PANI/MnO2/CNT were synthesized 
to invesitigate whether the metal oxide had any effect on improving the power 
density of the MFC. 
Fe3O4/CNT was synthesized as the following way: The treated CNT was firstly 
dispersed in 100 mL DI water, and ultrasonicated for 30 min, then 10 mmol 
FeCl3 was added under stirring. After the mixter was stirred vigorously for 30 
min, 5 mmol FeCl2·4H2O was added and keep stirring for 30 min, then heated 
to 90 °C. 10 mL ammonia solution (28%) was added the the former solution 
drop by drop. The precipitate was washed several times with DI water.  
MnO2/CNT was synthesized as the following way: disperse 0.5 g treated CNT 
into 0.2 M KMnO4 with the volume of 100 mL, then refluxed at 140 °C for 12 
h, then filtered the products with DI water. Then redispersed the products in 200 
mL DI water, then 100 mL 1 M citric acid was added to the former solution. 
After this kept the system at 160 °C for 12 h with agitation. The mixer was 
filtered and purified to get the MnO2/CNT. 
The procedures for synthesis of PANI/Fe3O4/CNT and PANI/MnO2/CNT were 
similar to that of PANI/CNT. 





Fig 3.13 A scheme for synthesis procedure of PANI/Fe3O4/CNT[45]  
 
Fig 3.14 A scheme for synthesis procedure of PANI/MnO2/CNT[46]  
From the EDS analysis, after modification by the metal oxide, Fe and Mn 
occurred in the Fe3O4/CNT, PANI/Fe3O4/CNT, MnO2/CNT and 
PANI/MnO2/CNT, and the content of Fe and Mn were decreased when the metal 
oxides were introduced into the matrixs of the composites. 
The power density of the MFCs with PANI/Fe3O4/CNT and PANI/MnO2/CNT 
as modification were increased than the MFC with PANI/CNT as modification, 
and the possible reason might due to the high conductivity of the metal oxide 
favored the charge transfer in oxygen reduction reaction, thus improving the 
catalytic efficiency of the new catalysts. Furthermore, the content of Fe in the 
composite PANI/Fe3O4/CNT was much higher than the content of Mn in 




Fig 3.15 EDS analysis of Fe3O4/CNT, PANI/Fe3O4/CNT, MnO2/CNT and 
PANI/MnO2/CNT 
 
Fig 3.16 Power density comparison with PANI/CNT, PANI/Fe3O4/CNT and 
PANI/ MnO2/CNT electrode 



























































Fig 3.17 N2 absorption and de-sorption curves of PANI/Fe3O4/CNT and 
PANI/MnO2/CNT 
By calculation, the BET surface of the PANI/Fe3O4/CNT and PANI/MnO2/CNT 
were 23.41 and 10.05 m2/g, respectively, which were at same level with the 
PANI/CNT (10.80 m2/g). However, the BET surface of the PANI/Fe3O4/CNT 
was larger than the PANI/CNT, which might indicate higher surface area led to 
much more active sites for oxygen reduction reaction, having significance in 




Fig 3.18 EIS spectra of PANI/CNT, PANI/Fe3O4/CNT, PANI/ MnO2/CNT 
electrode 
EIS spectra revealed that the PANI/Fe3O4/CNT composite had lowest resistance 
than other two electrodes, and it showed shorter straight line, which indicating 
the lower diffusion resistance and high diffusion rate. The high diffusion rate 
had positive effect on improvement of the catalytic efficiency of the oxygen 
reduction reaction. 
From the TGA curve, the PANI/CNT showed higher thermal stability than the 
metal oxide doped composites. The weight loss under 400 °C was attributed to 
the un-complete polymerization of aniline, because the purified PANI had better 
thermal stability with weight loss at about 2% until 600 °C. The weight loss of 
PANI/Fe3O4/CNT was about 35% between 300-400 °C, which showed same 
weight loss rate with the composite between 500-600 °C, while the composite 




PANI/MnO2/CNT, it showed better thermal stability when the temperature was 
less than 350 °C, and the weight sharply decreased to 10% when the temperature 
reached to 600 °C. So based on the former consideration, the thermal stability 
of PANI/Fe3O4/CNT was higher than PANI/MnO2/CNT. 
 
Fig 3.19 TGA curves of PANI/CNT, PANI/Fe3O4/CNT and PANI/MnO2/CNT 
3.3 Synthesis of PPy/CNT 
3.3.1 PPy/CNT synthesis using APS as oxidant 
The morphology and microstructure of purified PPy, PPy/CNTand CNT 
composites were characterized using FESEM. The purified PPy and CNT was 
shown in Fig 3.20 a, b and d, exhibited distinctly different appearances with 
dimensions at nanoscales.  Purified CNT displayed a tubular microstructure 
with the outer diameters ranging from 10 nm to 20 nm. While the majority of 






Fig 3.20 SEM images: (a) PPy at low magnitude, (b) PPy at high magnitude, 
(c) PPy/CNT, (d) CNT 
After pretreatment by the mixed acids, some carboxylic groups were generated 
on the surface of CNT due to the highly oxidative function of the nitric acid (to 
be confirmed by FTIR analysis). As a result, it was more likely for the 
hydrophilic monomer pyrrole in PPy to absorb onto the surface of the CNT, 
which was modified to be hydrophobic. Polymerization took place on the 
surface of the CNTs and PPy. As shown in Fig 3.20 c, when being combined to 
form PPy/CNTs composite, the surface of CNTs particles were uniformly 
wrapped by PPy acting as nano-wires, thus the outer diameter of the composite 
become larger than the purified CNTs or PPy. The PPy was observed to be 




were newly introduced nitrogen elements into the composite PPy/CNTs 
compared to the pure carbon-based CNT. 
 
Fig 3.21 EDS analysis for PPy/CNT 
From the EDS analysis, it was revealed nitrogen was introduced into the 
nanocomposites. 
3.3.2 PPy/CNT synthesis using FeCl3 as oxidant 
The morphology of the composite PPy/CNT using FeCl3 as oxidant was similar 
to the PPy/CNT using APS as oxidant, so it was not shown here. 
3.3.3 Performance of PPy/CNT via different oxidants as cathode catalyst in 
MFC 
Power density comparison with PPy/CNT synthesized by different oxidants was 
shown in Fig 3.22. From the figure, the power density firstly increased as the 
increase of the current, and then kept at a very stable level, which was not 




current was high enough. The maximum power density was observed when the 
external resistance of the MFC was 20 Ω, so at this point, the resistance of the 
MFC was lower at about 20 Ω, which was much smaller than other literatures. 
The MFC could give a very stable power density at a larger range, which was 
much significant for the electrode. 
 
Fig 3.22 Power density comparison with PPy/CNT synthesized by different 
oxidants 
The maximum power density of PPy/CNT-APS modified MFC was 385.07 
mW/m2, while in the MFC with PPy/CNT-FeCl3 was 437.40 mW/m2, a little 
higher than the former one with APS as oxidant. 
As an essential tool in electrochemistry, EIS has been widely used to determine 
the properties of the electrode and to evaluate the performance of MFCs. The 
EIS spectra of the composite PPy/CNTs modified electrode were showed in Fig 




frequency-dependent semicircle impedance curves over high frequencies 
followed by a straight line in low frequencies. The plain carbon cloth showed 
higher resistance than the PPy/CNTs modified electrode. The lowered total 
resistance of electrode might due to the high conductivity of the composite, 
which favored higher catalytic efficiency on cathode and improved the power 
density.  
Fig 3.23 EIS spectra of PPy/CNT-APS and PPy/CNT-FeCl3 composite 
electrode 
EIS was also used in the MFCs with composite electrodes. The solution 
resistance was about 10, and it had larger Warburg resistance than the MFCs 
with composite electrode. Warburg resistance was also called diffusion 
resistance, so the lower resistance meant higher diffusion rate. It could be 
concluded that introducing the composite PPy/CNT into the carbon-based 




rate, and at the same time, improving the catalytic efficiency. 
Fig 3.24 EIS spectra of the control MFC 
In the EIS spectra, the diameter of the semicircle referred to the charge-transfer 
resistance (Rct) of the composite electrode which was smaller than in other 
reports[38]. 
 
Fig 3.25 Equivalent circuit model 
An equivalent circuit model was used to fit the EIS data. The equivalent circuit 
followed the Randle equivalent circuit model with Warburg element (W). In the 
equivalent circuit model, Cdl was defined as the double layer capacitance, which 







was in series with the Ohmic resistance RΩ. 
So the APS was chosen as the terminal oxidant when fabricating PPy/CNT. 
3.3.4 PPy/CNT composite electrode characterization 
FESEM images of the plain carbon cloth and the composite modified carbon 
cloth were measured at larger scales of micro meters. In Fig 3.26, the plain 
carbon cloth presented a smooth surface, and the outer diameter of the carbon 
fiber was around 10 μm. After modification by the composite, the surface of the 
carbon fiber was covered by the composite. This combination, as discussed later, 
would benefitd the improvement in the power density of the MFC and the 















3.4 Synthesis of PPy/CB 
3.4.1 Characterization of PPy/CB 
   
Fig 3.27 SEM images of PPy and PPy/CB 
Pure CB performed sphere morphology, and the diameter of CB nanoparticle 
was about 100 nm, after polymerization with pyrrole, the composite PPy/CB 
also showed sphere structure in nano scales. Compared to the composite 
PPy/CNT, it showed different morphology due to the different morphology of 
the carbon nano-materials in the composite. As the polymerization took place 
on the surface of the cabon nano-materials, so it was likely to keep the original 
morphology if the amount of the conductive polymers was not too high. The 
nanoparticles of PPy/CB exhibited a uniformly distribution. As the 
microstrutures of CB and PPy/CB were identical, so it turned out that the 
polymerization of the pyrrole occurred on the surface of the CB. 
3.4.2 Performance of PPy/CB as cathode catalyst in MFC 




showed in Fig 3.28. At the beginning of the polarization curve, the output 
voltage was sharply decreased, then went a slowly decrease, and then slowest 
decrease as the increase of the current. It mainly contained three regions, and 
the internal resistance of the MFC could be calculated via the second region, 
called Ohmic polarization region. The absolute value of the slope was the 
polarization resistance. Power density curves looked like a volcano shape, and 
firstly increased with the increase of the current, and then decreased. The 
external resistance of the maximum power density equaled to the polarization 
resistance, so the polarization resistances could be calculated in this way. The 
maximum power density of PPy/CB modified MFC was 547.60 mW/m2, higher 
than the previous report[13]. The polarization resistance calculated through the 
polarization curve was about 30 Ω, which was smaller than the un-modified 
MFC, 80 Ω. Introducing PPy/CB in the MFC cathode favored the reduction of 
resistance, mainly due to the high conductivity of the composite. 
 




3.5 Synthesis of PPy/VGCF 
3.5.1 Characterization of PPy/VGCF 
From the SEM images of VGCF and PPy/VGCF, it could be concluded that the 
VGCF performed fiber morphology, and the microstructure of PPy/VGCF was 
identical with the VGCF, except the dimension became larger. It could be 
concluded that the polymerization of pyrrole occurred on the surface of the 
VGCF, and the reasons were similar as the PPy/CB and PPy/CNT. After 
introducing the pyrrole into the composite, the dimension of the PPy/VGCF 
became larger than the pure VGCF. 
   
 
Fig 3.29 SEM images: (a) VGCF, (b) PPy/VGCF at lower magnitude, (c) 




3.5.2 Performance of PPy/VGCF as cathode catalyst in MFC 
The polarization curve and power density curve exhibited same trend with the 
MFC with PPy/CB as cathode modification. The power density curve was 
stabilized at a high value about 459.23 mW/m2. PPy/VGCF electrode had a very 
good performance in power generation of MFC. 
 
Fig 3.30 Polarization curve of the MFC with PPy/VGCF as cathode 
modification 
3.6 Comparison of the PPy/carbon nanomaterials composites 
Fig 3.31 showed the FTIR spectra for the PPy, PPy/CNT, PPy/CB and 
PPy/VGCF. In the spectra of PPy, the peak at 1548 cm-1 was attributed to the 
C=C stretching, and the peaks at 1470, 1398, 1047, 960 and 790 cm-1 were 
characteristic peaks of polypyrrole. The peak at 1211 cm-1 was attributed to C-




of C-H and C=O. PPy/carbon nanomaterials had same spectra with the PPy, and 
this indicated the polymerization of pyrrole occurred on the surface of the 
carbon nanomaterials, which at the same time, indicating the existence of PPy 
in the composite. From the spectra, it revealed that there were no new chemical 
bonds generated between the PPy and the carbon nanomaterials. 
 
Fig 3.31 FTIR spectra of PPy, PPy/CNT, PPy/CB and PPy/VGCF 
From the TGA curves, it could be concluded that the composite showed higher 
thermal stability than the pure PPy. When the temperature increased to 600 °C, 
the weight loss ratio increased to 75%, indicating the instability of PPy at high 
temperature, while the composite PPy/CNT, PPy/CB and PPy/VGCF only 
exhibited 45%, 40% and 30% weight loss. So from this point, the composite 
showed higher thermal stability than the pure PPy. PPy/CB had better thermal 




Fig 3.32 TGA curves of PPy, PPy/CNT, PPy/CB and PPy/VGCF 
 
Fig 3.33 Polarization curves of PPy, PPy/CNT, PPy/CB and PPy/VGCF 
The power density curves of the MFCs with PPy, PPy/CNT, PPy/CB and 
PPy/VGCF composite electrode were showed in Fig 3.33. PPy/CB had highest 
power density compared to the other MFCs with PPy, PPy/CNT, and PPy/VGCF, 




behaved better performance than other two carbon nano-materials. 
 
Fig 3.34 EIS spectra of PPy, PPy/CNT, PPy/CB and PPy/VGCF 
EIS spectra revealed that the PPy/CB electrode has less resistance compared to 
the other electrodes, indicating the higher power output ability, and this result 
was consistent with the power density curves and thermal stability curves. The 
solution resistance of PPy/CB was about 5 Ω, while PPy, PPy/CNT and 
PPy/VGCF had the same solution resistance, which turned out to be 13~14 Ω, 
much higher than the PPy/CB modified MFC. The total resistance of the MFC 
with PPy/CB modification was about 6.3 Ω, and the total resistance of the MFCs 
with PPy/CNT and PPy/VGCF were at same value, because all the parameters 
influencing the resistance, such as Z1’ and Z’’ were identical. The total 
resistance of PPy modified MFC was higher than the composite modified MFC, 
and the possible reason might be due to the composite combined the good 




combination favored faster diffusion rate. Among all the composite electrodes 
modified MFCs, the MFC with PPy/CB showed best performance in power 
output and oxygen diffusion rate. 
Tab 3.4 OCP comparison with different electrode modified MFC (Nafion as 
binder) 
Electrode Control CNT CB VGCF PPy/CNT PPy/CB PPy/VGCF 
OCP(V) 0.598 0.597 0.699 0.659 0.647 0.648 0.635 
OCP is also an important parameter for assessing the properties of the MFC. 
Table 3.4 showed the OCP values for the different electrodes, and the entire 
modified electrode exhibited higher OCP than control. More obviously, the CB 
had highest OCP value than other eletrodes, favoring the good performance of 
power deneration. OCP value of PPy/CB electrode was 0.05 V higher than 
control. 
3.7 Comparison of PPy/CB and Pt-C electrode 
Power density curve of PPy/CB and Pt-C were showed in Fig 3.35. Power 
output of Pt-C as cathode catalyst was higher than the PPy/CB, and this was 
consistent with other reports, as Pt-C was the best cathode catalyst 
commercialized. The power density of MFC with PPy/CB as cathode catalyst 
was 547.60 mW/m2, while the power density of the MFC with Pt-C as cathode 






Fig 3.35 Polarization curves of MFCs with PPy/CB and Pt-C as modification 









PPy/CB 0.61 0.648 547.60 36.5 
Pt-C 62.1 0.884 816.67 48.4 
Table 3.5 showed some parameters comparison with PPy/CB composite and Pt-
C catalyst. The PPy/CB composite was 100 times economical than the Pt-C 
catalyst, but the power output could achieve 67% of the Pt-C modified electrode. 
In terms of resistance, the MFC with PPy/CB composite electrode was 36.5 Ω, 
a bit lower than the MFC with Pt-C as cathode catalyst, which should be an 
advantage for further application. So considering the power generation ability, 









CHAPTER 4 CONCLUSIONS 
PANI/CNT was synthesized by in situ chemical oxidative polymerization 
method. SEM images and FTIR spectra revealed that the polymerization of 
aniline occurred on the surface of the carbon nanotube, indicating there was no 
new bond generated. The maximum power density of the MFC with PANI/CNT 
as modification was 368.17 mW/m2 when the current was 4.7 mA. After doping 
with Fe3O4, the power density increased and the resistance was lowered. 
PPy/CNT, PPy/CB, and PPy/VGCF nanocomposites were synthesized via in 
situ chemical oxidative polymerization method. SEM images revealed that the 
PPy/CNT, PPy/CB, and PPy/VGCF composite had same morphology with the 
CNT, CB and VGCF, respectively, which indicating the polymerization 
occurred on the surface of the carbon nanomaterials. Moreover, FTIR spectra 
further confirmed that the polymerization took place on the surface of the carbon 
nanomaterials, as all the composites had same spectra with their based-carbon 
nanomaterials, which indicating there was no new chemical bonds generated on 
the surface of the carbon nanomaterials. 
By measuring the power density curves, the MFC with PPy/CB as cathode 
catalyst with 5 mg/cm2 exhibited highest power output ability, which was 10 
times higher than the un-modified MFC. EIS spectra showed PPy/CB electrode 
had lowest resistance compared to other electrodes.  




oxygen reduction reaction in MFC. The maximum power density of the MFC 
with PPy/CB composite as cathode modification could achieve 67% of the MFC 
with Pt-C as cathode catalyst.  
By doping metal in the composite, PPy/Fe3O4/CNT and PPy/MnO2/CNT 
showed higher catalytic efficiency than the PPy/CB electrode, which indicated 
that introducing the metal oxide into the composite matrix had good effect on 





CHAPTER 5 PROSPECTS 
As the PPy/CB showed highest catalytic efficiency towards ORR, the further 
modification for PPy/CB shows great significance. The following works can 
focus on the modification of PPy/CB. By doping with metal oxide and 
increasing the composite loading, the power output ability can be investigated. 
In order to investigate the Warburg resistance, EIS spectra has been analyzed. It 
has some relation with the catalytic efficiency; however, the diffusion rate for 
the oxygen has not been tested. The diffusion rate of oxygen should be a great 
help for the mechanism interruption. 
More works can also be done in the MFC with carbon-felt as carbon-based 
electrode, and comparing which carbon-based electrode performs better 
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